Abstract: Rice production underpins the national economy and the most rural livelihoods in Cambodia, but it is negatively impacted by repeated droughts. The research reported on in this paper focuses on relationships between drought occurrences in Cambodia's most drought-prone province (Kampong Speu) and (i) damage to the annual rice harvest between 1994 and 2011, and (ii) the Niño 3.4 index. Droughts were identified using the Standardised Precipitation Index (SPI). In seven of the years between 1994 and 2006 droughts damaged >1000 ha of rice in the Kampong Speu province. Furthermore, in 11 years >200 ha of rice were damaged. A critical success index of 0.66 obtained for an analysis of SPI-defined drought and area rice damage in the province indicates a strong statistical relationship. A statistically significant correlation (r = −0.455) was achieved between Niño 3.4 and 12-month SPI values lagged by three months, this indicates the importance of ENSO linkages in explaining drought in this region. Late season droughts lead to greater rice damage than early-and mid-season droughts.
Introduction
Cambodia produced 9.29 million tonnes of rice in 2012. This generated a rice surplus of 4.73 million tonnes [1] . Annual surpluses of this magnitude should enable the country to achieve its stated aim of exporting 3 million tonnes per year by 2015 [2] . Rice contributes 28 percent of the GDP generated by the agriculture, fisheries and forestry sector in Cambodia [3] , but production relies on rural households working small farms (national average farm size = 1.4 hectares per household) using traditional practices [4] . Over 80 percent of Cambodia's population live in such rural communities, and rely on rice as their major income source as well as their staple food. Put simply, rice underpins the national economy and the majority of livelihoods.
Yet, rice production in Cambodia is significantly impacted by droughts and floods related to inter-seasonal and inter-decadal fluctuations in the South East Asian Monsoon (SEAM)-a subsystem of the East Asian Monsoon. Droughts have been identified by the government as one of the two most important natural hazards in the country [5, 6] . Their impact on rice production and drought alleviation measures have been reviewed by Chhinh [7] . The Ministry of Environment (MoE) estimated that between 1996 and 2000 drought-related rice losses were approximately 20 percent of potential national production [8] . Since then, a severe drought in 2004 affected 300,000 hectares of paddy rice leading to an 82 percent loss of the potential harvest [9] . In response to another severe drought in 2009, the government issued a USD 12 million rescue package [10] .
The occurrence of droughts and floods in Cambodia is related to the dominant climate system in Southeast Asia, the Asian-Australian Monsoon (AAM) [11, 12] . The East Asian Monsoon (EAM) is one of a number of subsystems within the AAM [12, 13] . Linkages between the EAM and socio-economic development have been highlighted by other researchers [11, 14] ; with particular attention being paid to droughts and heat waves [15] , and flooding [16] (as cited in [17] ). According to Huang & Zhou [17] , the EAM led to production losses exceeding USD 24 billion annually in China (three to six percent of the country's GDP) in the early 1990s fluctuations in the EAM). Strong correlations have also been found between the EAM and droughts and floods in the Yangtze and Yellow River basins [18] and along the Yangtze and Huaihe Rivers [19, 20] .
The aims of this research are to explore the 1) relationship between the occurrence of droughts based on the application of a drought index-the Standardised Precipitation Index (SPI)-and the areal extent of rice damage in the most drought-prone province of Cambodia (Kampong Speu); and 2) relationships between SPI values and indicator values for ENSO.
South East Asian Monsoon
There are contrasting views on the monsoon geography of Southeast Asia. The Asian Summer Monsoon (ASM), of which the SEAM is a sub-system, has been described as the climate system which brings rain-bearing winds that originate in the Bay of Bengal to the Indochina Peninsula and the South China Sea (SCS) [21] . Wang and Lin [22] argue that while the Indian subcontinent is influenced by the Indian Summer Monsoon (ISM), Indochina is influenced by three subsystems-the ISM, East Asian Summer Monsoon (EASM), and Western North Pacific Summer Monsoon (WNPSM). Goswami et al. [23] includes Indochina in the zone of influence of the ISM-terming it the Extended Indian Monsoon Rainfall region. Given these geographical contradictions, it is unsurprising that the Indochina region has been the focus of many regional climate studies [21, [24] [25] [26] . In contrast Qian and Zhu [27] consider the SEAM to be a unique monsoon subsystem in which rainfall originates to both the east and west of the Southeast Asia.
Chen and Yoon [25] have proposed two key mechanisms that affect the summer monsoon in Indochina; (1) the combined SCS and Western Pacific regional climate driver, and (2) the global divergent water vapor flux. They also argue that sea surface temperatures (SST) in the western tropical Pacific are a good climate predictor for Indochina. Zhang et al. [21] argue that (1) tropical convection triggers the onset of the monsoon, and (2) that interseasonal variability is associated with the timing of monsoon's onset which originates in the western Pacific and the SCS and propagates toward Indochina. Both Zhang et al. [21] and Chen and Yoon [25] agree that the SST anomalies influence on the onset of the monsoon. In contrast to this Pacific Ocean focus, Misra and DiNapoli [24] concluded that early onset of the SEAM is associated with moisture sources in the Andaman Sea, the Gulf of Martaban and the Gulf of Thailand, while late onset of the monsoon is associated with water fluxes from the Bay of Bengal and the Arabian Sea. Ichiyanagi et al. [28] argue that during the withdrawal of the monsoon in Indochina, the moisture source changes from the Indian Ocean to Pacific Ocean.
Nigam [29] concluded that circulation anomalies due to changes in the zonally-averaged state of the El Niño Southern Oscillation (ENSO) modulate low-level moisture fluxes over southeast Cambodia, Laos and Vietnam. ENSO and SST anomalies are linked. SST is measured at a number of locations along Equator in the Pacific Ocean, from Niño 1 in the east to Niño 4 in west [30] . Anomalies occurs when the SST is > +0.5 or < −0.5 for five consecutive 3-month running means over one of the regions of the Equatorial Pacific (positive values create the El Niño effect, and negative values the La Niña effect). This measurement is known as the Ocean Niño Index (ONI). The most commonly used region for calculating ONI for drought monitoring is Niño 3.4 [30, 31] . Lyon [32] used Niño 3.4 to measure the strength of El Niño and the spatial extent of droughts in tropical regions. Gadgil, et al. [33] found that Niño 3.4 is well correlated with Indian Summer Monsoon rainfall. It has also been used in Thailand [34] , Indonesia [35] , Malaysia [36] . Indices have been calculated for other regions, for example, Niño 3 was used by Ashok, et al. [37] , and Niño 4 [25, 38] and Niño 1+2 [39] have been used as well.
The annual rainfall regime in Cambodia (based on long term climate means) comprises a five-month dry season (December-April) and a longer wet season from the onset of the SEAM, normally May to November (Figure 1 ). The wet season is slightly bimodal with a dry spell that is usually centred on August. This is called Kuon Rodow Prang (the literal translation from Cambodian being the "child dry season"). More than 80 percent of the precipitation normally occurs in the wet season. 
Monsoon Seasonality and Rice Production
Coupling precipitation records and cropping calendars ( Figure 1 ) illustrates how different rice varieties are adjusted to average climatic conditions and how they may be impacted by drought. The most popular rice varieties grown in Cambodia are the traditional, long maturing rice varieties, which utilise soil moisture throughout the wet season. Seedlings of these varieties are transplanted in May and the harvest takes place in late November [40] . Medium-duration varieties have mainly been cultivated in the last two decades, whereas short-duration varieties are a more recent introduction to Cambodian farming systems. Whereas medium-duration varieties are only cultivated in the wet season, albeit for a shorter cropping period than ong-maturing varieties, short season rice can be harvested approximately three months after sowing and can be grown at any time of the year. However, as Figure 1 shows, there are three times in the farming calendar when the majority of short-duration rice is cultivated: (a) December to March, at this time of year farmers utilise standing water and residual soil moisture, which can be supplemented by irrigation; (b) May to August, by utilising early wet season rains before harvesting in the Kuon Rodow Prang dry spell; and (c) September to November, when late wet season rains are exploited and the harvest coincides with that of the long-and medium-duration varieties. The proportions of the long-, medium-and short-duration rice by area planted are approximately 20, 40, and 33 percent respectively [41] .
Susceptibility to drought can be argued from an examination of the crop calendars. Any significant change in wet season rainfall (e.g., precipitation amount, length of the season, or timing and length of the Kuon Rodow Prang dry spell) has the potential to affect the yields of long-maturing rice varieties. Medium-duration varieties are susceptible to the same drought-related phenomena. Short season rice is the least susceptible to drought, but nonetheless can still be affected. For example, a delayed onset of monsoon rains means that irrigation is required for the May to August crop. Helmer [42] argues that drought in Cambodia occurs at three different times: in the early and middle parts of the wet season, and at the end of the year. Failure of the late wet season rains is potentially the most problematic because all three varieties of rice are harvested in November.
In 2008, the total area under paddy cultivation in Cambodia was 2.61 million hectares. Irrigated paddy accounted for 31.6 percent (approximately 825,000 hectares). A further 239,000 hectares required supplementary wet season irrigation-mainly for May to August short-duration rice. A further 74,200 hectares relied on dry season irrigation, mainly for rice grown between December and March [5] . Even so, irrigation is limited and does not obviate the fact that drought is the most important natural hazard in Cambodia after flooding [43] . Consequently, monitoring drought and the damage it causes to agricultural production in Cambodia is a national priority in terms of food security and international trade. While the impacts of drought may be reduced by early interventions and improvements in infrastructure, these are unlikely to be effective unless droughts can be explained, predicted and monitored accurately.
Study Area
Kampong Speu Province (KPS) was selected for this research because of its high incidence of droughts compared to other provinces. It is located in the rain shadow of the Cardamoms and the Elephant mountain ranges and receives the least rainfall of any province in Cambodia. Mean annual precipitation ranges from 1250 to 1750 mm for the parts where rice is grown. Paddy fields on the small farms that dominate the province are rain-fed and have experienced drought damage that has ranged from loss of seedlings to almost the loss of the entire harvest over the last few decades.
The province covers 696,971 ha and the agricultural area in 2009 (based on the Provincial Data Book) was 167,771 ha, or about 26 percent of total land area. The province comprises 87 communes grouped into eight districts. The population in 2008 was 784,799. The smallest administrative unit is the village, which usually contain about 200 households. Farming is the primary occupation of 92 percent of households [44] .
The rainfall records for the 18 climate stations in KPS are provided in Table 1 (184.9 mm) are anomalously low, compared to the neighbouring stations, and were not used.
Drought Indices
Nagarajan [45] provides detailed definitions of agricultural, hydrological, meteorological, and socio-economic droughts [46, 47] . This research focuses on meteorological drought. Drought severity has been quantified in different ways. Some authors have used meteorological data (e.g., the Palmer Drought Severity Index: Buckley [48] , Nguyen and Shaw [49] ); some have used human perception (e.g., MoE [50] ); while others have measured productivity losses using indices such as the Normalized Difference Vegetation Index (NDVI) from remotely sensed data (e.g., NCDM [51]). Quiring et al. [52] comprehensively reviewed drought indices and argue that they play an important role in providing decision makers and other stakeholders with critical information. Many benefits accrue from deploying drought indices [28, [53] [54] [55] [56] [57] [58] [59] despite their limitations and assumptions [28, 52, 60] .
The Standardized Precipitation Index (SPI) [61] has been used in many climate zones. It is listed as a key indicator for global drought monitoring [62, 63] ; and has been used for drought monitoring in the United States and India [64] [65] [66] . It was used in this research because it is based solely on precipitation-and therefore is the drought index of most use in the instrument-poor situation that describes most climate stations in Cambodia. KPS is no exception, as precipitation is the only data available for most of the stations in the province. A further advantage of the SPI is that it can be calculated for different time scales. This gives it a potentially important role in understanding the impacts of dry spells on crop production. SPI has also proven suitable for monitoring floods as well as droughts in many parts of the world [47, 67, 68] . The SPI is a probability related to a precipitation value. The standardized precipitation (SP) is the value derived from dividing the variation from the mean precipitation of a defined time period (1, 2, 3 months etc. ) and the standard deviation of the data set. For example, calculation of the SPI over a three-month timescale, labelled as June 2004, would be calculated using the total rainfall for April, May and June 2004. To estimate the probability of the distribution, the gamma function is used as it fits meteorological data very well and has zero as its lower bound value [61, 69] . As posited by Thom [70] , the probability density function of the gamma function for a time period of rainfall is:
where β is a scale parameter, α is a shape parameter, and Γ(α) is the ordinary gamma function of α. The equation requires α and β to be obtained from the following maximum likelihood solutions:
and ̂=̂
where
where n is number of precipitation and x is the amount of precipitation for a particular time period. The probability that the precipitation is less than an amount (for a particular time period) is presented in the standard form: P(x) = x/̂. Tables of the gamma distribution provide the cumulative probability of the specified period. The cumulative probabilities are converted into a Z-score (which becomes the SPI value). An SPI value is relative to a particular month [2] and indicates the drought severity over the specified time period. The original convention was that SPI values of 0 to < −2.0 were divided into four classes of drought ranging from mild to extreme [61] . However, Hao et al. [62] introduced five categories of drought starting at a -0.50 threshold rather that 0. These classes are defined as follows, SPI ≤ −0.50 to −0.79 is termed "abnormally dry", −0.80 to −1.29 is a "moderate drought", −1.30 to −1.59 is a "severe drought", −0.60 to −1.99 is an "extreme drought", and −2.0 or less is an "exceptional drought. This classification has been used in this research.
Results
SPI values were calculated for time periods of one, two, three ending in June, August, or November and 12 months for precipitation data for Kampong Speu station ( Table 2 ). The time periods developed around the three months listed above relate to the average rainfall pattern, particularly the onset of the monsoon and key aspects of monsoon variability, and paddy rice growth. In terms of the mean rainfall pattern, June is early in the wet season, August is the driest month in the wet season, and November is at the end of wet season. June, August and November are also related to early, middle and late seasonal droughts cited in the literature [7, 42] . In terms of paddy rice growth, June is the paddy rice vegetative period for long maturing varieties. August usually coincides with the Kuon Rodow Prang dry spell and fluctuations in precipitation at that time impact on paddy reproduction. November is the maturation and grain filling period. The 12-month periods were used when applying the critical success index to the analysis of SPI-defined drought and areal assessments of drought-related rice damage. 
Drought, Rice Damage and ENSO Relationships

SPI-Defined Drought and Paddy Rice Damage
To examine the relationship between drought (defined by the SPI) and paddy rice losses, areal estimates of rice damage in the province were obtained from the Ministry of Agriculture, Forestry and Fisheries (MAFF). The following analysis and discussion focuses on the period between 1994 and 2011-the years for which consistent and rigorous assessments of rice harvests were made. These data are only available from 1994. Only fragmentary information on drought damage exist prior to this and were not used.
The areas of paddy rice damaged in the province by drought are given in Table 3 . The extensive drought of 2004 affected over 38,000 hectares of rice, equivalent to approximately 46% of the normal area cultivated. This drought damaged an area almost 200% larger than the next most extensive drought, and can mainly be attributed to a severe failure of rainfall in the middle of the growing season. This extended into lower than average rainfall for the remainder of the year. The next most extensive drought-1994-and the five droughts that each caused over 1000 hectares of damage (Table 3) SPI was tested as a drought indicator in Kampong Speu province by assessing its relationship to the drought impact data (Table 3) using the critical success index (CSI). The CSI was calculated for one, two, three and 12-month droughts labelled abnormally dry or greater [63] , i.e. SPI <= −0.5, and for 1000-and 200-hectare damage thresholds. A CSI of 0.66 (where a perfect prediction is CSI = 1) was achieved for 12-month SPI values of < −0.5 and areal damage greater than 200 ha (Table 4) and indicates a strong predictive relationship between SPI-defined droughts and recorded instances of drought-related rice damage.
The longest drought in the dataset lasted from June to November 2004 and caused the most damage. Even though it only ranged from moderate to severe in intensity according to the SPI values, its duration would have led to a significant depletion of soil moisture reserves and limited recharge. As a consequence it was much more damaging than shorter, more severe droughts, e.g., 1997 and 2006. In light of the significant levels of damage witnessed in 1994, 2003 and 2004, it appears that a reduction in rainfall at the end of the growing season is more deleterious in terms of rice production than at other times of the year. In 1997 severe to extreme drought occurred early in the rice-growing season, but farmers were able to replant rice seedlings and still reap a reasonable harvest. The 1994 and 2006 droughts that affected the final months of the growing season are more difficult to explain. In both years drought severity peaked before November and this might have allowed some replenishment of soil moisture in time for grain-filling before harvest. The droughts with the least areal damage were generally shorter and only moderate in severity. 
SPI-Defined Drought at Kampong Speu Station and ENSO
Understanding ENSO behaviour is critical to understanding indicator-driven Cambodian climate definitions, as is the case in the rest of Indochina [71] . Pearson product-moment correlation coefficients were computed for SPI values for different time periods for Kampong Speu station and assessed against a range of climate indices that other researchers have argued influence the SEAM. The highest correlations were found for Niño 3.4 [29, 71] lagged by three months (Table 5, Figure 6 ). It is likely that the 12-month SPI values account for overall drought conditions throughout the year and that this leads to higher correlations than SPI values calculated for shorter time periods. 
Linking ENSO, SPI-Defined Drought and Rice Damage in Kampong Speu Province
The results above indicate that SPI-defined drought years (based on the Kampong Speu station data) are strongly associated with droughts that cause significant damage to paddy rice; and that the 12-month SPI values are significantly correlated with major El Niño events (Table 5, Figure 6 ). These results also show that the impact of a drought on the rice harvest is dependent on 1) when a dry spell occurs during the growing season, and 2) its duration. Single-month SPI-defined droughts early in the growing season do not lead to large harvest losses, probably because farmers are able to transplant more rice seedlings of short-, medium-and/or long-duration varieties. However, if early season droughts extend beyond a month, significant crop damage can occur. For example, the two-month SPI-defined drought in 1998 destroyed 14,900 hectares of rice in the province. This particular early-season drought can be linked statistically to the weakening of an ENSO event in May 1998 [72] . In 1997 and 2005, the areas destroyed by drought were very different-14,962 and 63 hectares respectively-though both of these early season droughts were two to three months in length. However, drought in 1997 was more severe than the early season drought in 2005, and can be linked statistically to the ENSO 1997-1998 event.
Like single-month early-season droughts, one-month mid-season droughts (MSD) do not lead to significant a reduction in rice production. It can be argued that this is because by the middle of the growing season fields are normally flooded up to the level of the bund, and will remain waterlogged even if the rains fail for a month. However, if a meteorological drought at this time extends longer than a month, the probability of crop damage increases because fields can begin to dry out. In 2004, the two-month drought over July and August led to fields drying out in August, which in turn led to almost half of the total cultivated area being damaged, even though June rainfall was normal. This parallels the Niño 3.4 index data, which indicates an El Niño event developed in June 2004 and lasted until January 2005. Because this event extended throughout the rest of the agricultural year it also led to a late season drought (LSD) which probably compounded the harvest losses. As the damage records are not disaggregated by early-, mid-or late-season in Cambodia, the large amounts of damage cannot be unambiguously assigned to either the MSD or LSD in 2002; in reality they are likely to be a combination of middle and late season water deficits. However, in 2004 a MSD led to significant damage with 1400 hectares of rice being destroyed, even though there was no LSD. Late season droughts cause most damage to paddy production regardless of their duration. In 1994 an LSD lasted three months and caused approximately 13,000 hectares of damage. This drought is evident in the Niño 3.4 data and corresponds to the weak EASM during 1994 [15] . The LSD in 2003 is also statistically linked with an El Niño event, although it was only of moderate severity [73] . It was associated with a three-month SPI-defined drought at Kampong Speu station that led to 1,103 hectares of paddy damage in the province. There is a high probability that rice losses due to droughts late in the monsoon is related to the fact that diminished rainfall toward the end of growing season compromises rice grain filling because of the lack of available soil water, which in turn depresses yields.
The Potential for Drought Monitoring in Cambodia
Cambodia has not introduced any early warning system for drought even though it has been noted that drought forecasting is urgently required [74] . One motivation for this research was to provide evidence that an index-based approach to drought monitoring was scientifically sound in relation to the prevailing climatology and the damage to rice due to droughts and dry spells. The variation in SPI can be explained well in relation to Niño 3.4 variability and is a good predictor of rice damage. Unlike other indices that require a more comprehensive array of meteorological observations, SPI can be readily applied widely to Cambodian climate stations with their limited range of equipment. The statistical link to ENSO is critical because, as Zhang et al. [21] have argued, monitoring ENSO is more useful in its predictive power than a rainfall index such as SPI because it provides a longer lead time for drought warning.
The SPI calculation is simple as it is based only on rainfall, but does not have the lead time of Niño 3.4. Nonetheless, having more rainfall stations throughout the country, especially one in each commune, would enable a clearer picture of drought severity and the spatial distribution of drought impacts to be measured. That in turn would lead to better understanding of the relationships between EASM variability, drought and rice damage. Therefore, it can be argued that each commune should simply record rainfall in order to improve prediction and monitoring at the local level, as well as reporting the results to provincial and national recording networks. It would be relatively straightforward for commune members to be trained in recording rainfall and calculating SPI on mobile technologies. Monitoring SPI at the commune level, particularly early in the growing season, when more rice may have to be transplanted, and in the grain-filling period, would allow communes to call for drought alleviation measures such as sourcing more rice seedlings or requesting mobile pumping stations.
Nonetheless, there are limitations. If SPI data were to be used as part of a drought monitoring system, the monitoring tools should not be based on climate data alone. Soils data would be necessary. This is because any drought severity thresholds that would need to be set should be location specific because the duration of waterlogging and extent of soil moisture reserves that can be utilised by rice plants will depend on soil properties. There are also a series of issues related to the spatial distribution of any particular drought or dry spell. This can lead to anomalies, for example the November 1998 SPI values for Kampong Speu station were positive, while the province and the entire lower Mekong suffered a drought [74] . Currently, the density of rainfall stations in Cambodia is too low, large geographical areas lack records and rainfall distributions may not be representative. More precipitation stations are required, preferably at the commune level for the reasons identified above. Furthermore, the degree of drought severity calculated by the SPI must be treated with caution as the SPI values change according to the number of data points used in their calculation.
Conclusions
Rice-damaging droughts in Kampong Speu province can be linked statistically to ENSO through the Niño 3.4 index. The association between ENSO and drought in the province indicates that when the Pacific Ocean warm pool moves westwards drought is likely to occur. Notwithstanding a previous study by the Ministry of Environment (MoE) which argued that flood and drought occurrences in Cambodia are not always associated with the ENSO events [8] , the findings in this paper are supported by Buckley et al [48] who argued that a decline in rainfall associated with ENSO event heralded the collapse of the Angkor era. That said, the MoE study has some validity. The 1995 drought, which appears unrelated to any ENSO event in the record, damaged more than 4,000 hectares of paddy in KPS. Moreover, the three-month SPI value for this drought was high was −0.61.
Drought is a significant economic and livelihood hazard in Kampong Speu province. Droughts damaged more than 1000 hectares of paddy rice in seven of the thirteen years between 1994 and 2006. In each case the damage can be explained in terms SPI-defined droughts related to ENSO phenomena. Late growing season droughts are more damaging than early or mid-season droughts.
We argue that drought monitoring is urgently required in Cambodia if the drought alleviation measures that need to taken are to be effective. This is essential to enhance rural production systems and to improve farming household livelihoods, and to enable to government to achieve its rice export targets.
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